
Abstract. High-pressure-induced carbon transport from diamond anvils into the pressure chamber
of diamond anvil cells (DACs) was studied by micro-Raman spectroscopy. Depending on experi-
mental conditions (temperature and pressure), various carbon phases (amorphous carbon, diamond,
microcrystalline or nanocrystalline graphite) were detected in the originally carbon-free samples.
Temperature-induced growth of a graphite phase at the sample/diamond interface was observed
in situ at high pressure in an externally heated DAC. In laser-heated samples inside the pressure-
transmitting medium, at pressures above 6GPa there was transport of carbon from the diamond
culet surface into the heated part of the sample. These observations suggest that account should be
taken of possible carbon diffusion in high-pressure research with DACs, such as high-pressure
melting, element partitioning, phase transformations, chemical reactions, and electrical resistivity.

1 Introduction
The diamond anvil cell (DAC), in which two gem-quality diamonds apply a force to
the sample, revolutionized high-pressure research. The DAC technique initiated in 1958
(Jamieson et al 1959; Weir et al 1959) allows the study of material properties by various
methods, such as Mo« ssbauer, infrared, and Raman spectroscopy; resistivity measure-
ments; x-ray diffraction; and inelastic scattering (eg Eremets 1996). Heating of
diamond-cell samples, with both resistance heaters and lasers, has extended attainable
pressure ^ temperature conditions to those that prevail in most of the Earth's interior
(Bassett 2001; Shen et al 2001).

A large number of new phase transitions and chemical reactions of different com-
pounds at high pressures and high temperatures in DACs have been reported in the
past three decades. However, element distribution in samples recovered from DACs
has been poorly investigated owing to difficulties arising from the use of very small
amounts of materials (typical diameter of the pressure chamber is 20 ^ 150 mm and its
thickness is 5 ^ 50 mm). Nevertheless, even a small amount of impurities in the pressure
chamber (eg oxygen, carbon, etc) could significantly change the chemical and physical
properties of materials. Hence, experimental data from DAC studies, such as phase
transformations and chemical reactions, partitioning, and melting temperatures, could
be significantly affected by the involved impurities.

Diamond anvils are generally considered to be chemically inert and stable at high
pressure (Bundy et al 1996). However, many investigators (Gogotsi et al 1999; Kailer
et al 1999; Mao and Hemley 1991; Vohra and McCauley 1993) have observed stress-
induced transformation of diamond to graphite or other phases even in the diamond
stability range. Does the transformation occur in the highly stressed culet area of dia-
mond anvils at high pressures? Is carbon diffusion involved in the sample chamber in a
DAC at high pressures and high temperatures? The purpose of this paper is to answer
these two questions.To study carbon distribution inside the pressure chamber of a DAC, we
used micro-Raman spectroscopy, one of the best and most widely used techniques for
the analysis of different carbon phases. Its spatial resolution with analyzed area down to
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2 mm allows `mapping' the distribution of Raman-active substances in the small pressure
chamber of a DAC.

Carbon phases can be easily identified by Raman signals. The features of Raman
spectra depend on the ratios of sp1(polymer-like)=sp 2(graphite-like)=sp 3(diamond-like)
bonds (Knight and White 1989). The visible (usually with an excitation laser with wave-
length of 514.5 nm) Raman spectroscopy is 50 ^ 100 times more sensitive for sp 2 sites
than those for sp 3 (Pickard et al 1998). Therefore, even a small amount of graphite phase
can be detected with micro-Raman spectroscopy. Raman spectrum of diamond has
strong T2g (1332 cmÿ1) zone center mode. Natural single-crystal graphite shows intense
sharp Raman mode at 1580 cmÿ1 (G band) and weak one at 2724 cmÿ1. the 1357 cmÿ1

peak (D band) appears in the spectrum of polycrystalline graphite. The D/G intensity
ratio, as well as precise wavelength of D and G bands, depend on a degree of disorder-
ing of carbon phases: crystalline or amorphous nature and size of crystal grains. It is
known (Knight and White 1989) that features of Raman spectra of carbon phases
depend on the synthesis method and conditions. According to Ferrari and Robertson
(2000), at transformation of single-crystal graphite to nanocrystalline material, the G
band moves from 1580 to �1600 cmÿ1, the D band appears, and the D/G intensity ratio
increases. For amorphous carbon, the G band changes from 1600 to �1500 cmÿ1 with
low D/G intensity ratio and broad G band (Ferrari and Robertson 2000).

2 Apparatus
Different carbon phases were observed in the quenched samples from a number of
experiments conducted in the past few years. Several typical examples of those samples
are described below. These samples were actually used for other studies such as for
melting and phase transition. In addition, we performed a set of specially designed model
experiments to confirm carbon transport inside samples in DAC at high pressures and
high temperatures.

2.1 High-pressure technique
Three types of DACs [Mao ^Bell, membrane DIA CELL, and flat four or three pins
(designed in Tel Aviv University, TAU)] were used in experiments. Type I and type II
brilliant cut diamond anvils with 250 ^ 350 mm culets were used. Holes 100 ^ 130 mm in
diameter were drilled in the 300 or 150 mm thick stainless steel, or in 250 mm thick
rhenium gaskets pre-indented to a thickness of 30 to 90 mm. Pressure was measured by
ruby fluorescence scale or by using equation of state of Au, Pt, or NaCl.

2.2 Heating systems
We used heating facilities at Uppsala Lab (Sweden), European Synchrotron Radiation
Facility (ESRF, Grenoble, France), and Advanced Photon Source (APS) at Argonne
National Laboratory (Chicago, USA).

At Uppsala Lab (Dubrovinsky and Saxena 1999) the laser-heating system with Nd ^
YAG laser (l � 1064 nm, 30W) makes it possible to heat samples with controllable
temperatures up to 3000K. Laser-heating spot of 10 ^ 20 mm was scanned on selected
areas of samples.

The laser heating at ESRF was carried out with a Nd :YAG laser (l � 1064 nm,
17W). Temperatures between 1300K and 1700K were estimated by colors of the heating
spot.

At APS, a double-sided laser-heating technique with a laser spot of 20 ^ 40 mm was
employed. The temperature was measured from thermal radiation (Shen et al 2001).

External ceramic heating assemblage was used for heating TAU type DAC (Pasternak
et al 1999). The entire cell was placed inside the heater. To protect diamond anvils and
metal body of the cell, the heating system was filled with inert gas (Ar� 2%H2 mix-
ture). Constantan wire was used for the heater. A type K thermocouple was attached
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to the diamond anvil ^ gasket interface inside the heater and used for temperature
measurements.

2.3 Analytical technique
Raman spectra were collected with an InstaSpec-IV CCD detector with a MultiSpec-257
imaging spectrograph (grating 1200/350). Confocal micro-optical systems in a backscat-
tering geometry with focus depth of 2 ^ 5 mm were used. For Raman excitation we chose
the green line of an argon laser (l � 514:53 nm). Output power of the laser beam varied
in the range of 100 ^ 350mW and focused on a spot about 6 mm in diameter on the
sample. Raman scattering was recorded in the spectral range 180 ^ 2800 cmÿ1 with a
resolution of 4 cmÿ1 (Prokopenko et al 2001). The quenched samples (recovered samples
outside the DAC) were also analyzed with a Renishaw Raman 2000 spectrometer with
output green laser power 50mW and resolution of 2 cmÿ1. A Raman system installed at
the GeoSoilEnviroCARS at the APS was used for some recent samples. All Raman
spectra were collected on quenched samples outside DAC (except one in-situ study on
TiO2). In all model experiments, quenched samples were analyzed by Raman spectro-
scopy immediately after opening the cell, while the remaining samples were kept in
evacuated desiccators before analysis.

3 Samples
All samples used in high-pressure experiments were of high purity and no carbon phases
or hydrocarbon compounds were detected by Raman spectroscopy. Further confirmation
was made for some of the samples by IR spectroscopy.

3.1 High-pressure samples at ambient temperature
A number of samples were prepared by compression at ambient temperature in a DAC
(table 1).

The cristobalite phase of SiO2 (#1) was formed after annealing of high purity sol ^ gel
glass at 1800K for 15min and then grinding to obtain a microcrystalline powder with
particle size of about 1 mm. The membrane type of DAC was used for high-pressure
generation up to 56GPa and then recovered to ambient pressure (Prokopenko et al 2001).

Iron ^ nickel alloy (#2) was synthesized by arc-melting in an argon atmosphere; its
composition was Fe55Ni45 (Dubrovinsky et al 2001). A peak pressure of 60GPa was
achieved in the DAC.

Pure a-quartz phase of GeO2 (#3) powder (Aldrich Inc., 99.9999%) together with
gold wire (Goodfellow Inc., 99:99�%) of 5 mm diameter (used as pressure calibrant) was
pressurized up to 48GPa in a 4-pin flat DAC.

No pressure medium was used for all these runs.

3.2 High-pressure ^ high-temperature samples (laser heated)
Fe0:5Mg0:5O and SiO2 mixture in 1:1 ratio was loaded in an argon atmosphere in a
piston ^cylinder type small DAC. At different pressures [75GPa (#4) and 45GPa (#5)],
the samples were laser heated at 2000 (100)K with the double-sided laser-heating system
at APS.

A powder disc of Rh2O3 (Aldrich Inc., 99.8%) embedded in NaCl pressure medium
in Mao ^Bell DAC was laser heated at 60GPa at ESRF (#6).

A powder disc of Fe3O4 (#7) was loaded in Mao ^Bell DAC in inert atmosphere
(argon) inside a CsCl pressure-medium-like sandwich (Pasternak et al 1999). The sample
at 75GPa was laser heated at temperatures between 1800 and 2200K.

Glass with the composition MgSiO3(90%) ^Al2O3(10%) was mixed with platinum
powder (Goodfellow Inc., 99.95%) in a volume proportion �10 :1 (#8). The laser heating
was carried out at 1500 (100)K from both sides at 45GPa at ESRF.
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Table 1. Selected samples and their conditions reported in this study (numbers in parenthesis denote uncertainties in measurements).

No Precursor Pressure- DAC Peak Pressure Peak Type of heating Observed
(#) transmitting pressure=GPa calibrant, temper- carbon phase

medium method ature=K

1 cristobalite phase no Mao ±Bell 56(1) Au, x-ray 300 ± microcrystalline
of SiO2 cell graphite

2 Fe55Ni45 no 4-pin cell 60(2) ruby, fluorescence 300 ± microcrystalline
graphite

3 a-quartz phase no 4-pin cell 48(1) Au, x-ray 300 ± microcrystalline
of GeO2 graphite

4 Fe0:5Mg0:5O and no small piston ± 75(3) Fe0:5Mg0:5O, x-ray 2000(100) double side laser microcrystalline
SiO2 mixture cylinder heating, APS graphite

5 Fe0:5Mg0:5O and no small piston ± 45(2) Fe0:5Mg0:5O, x-ray 2000(100) double side laser diamond
SiO2 mixture cylinder heating, APS

6 Rh2O3 inside NaCl Mao ±Bell 60(2) NaCl, x-ray 1500(200) laser heating, nanocrystalline
NaCl cell ESRF graphite

7 Fe3O4 inside CsCl Mao ±Bell 75(2) CsCl, x-ray 2000(100) laser heating, micrographite and
CsCl cell Uppsala diamond

8 MgSiO3(90%) ± no 4-pin cell 45(1) Pt, x-ray 1500(200) laser heating, diamond
Al2O3(10%) ESRF
glass plus Pt

9 Fe inside SiO2 SiO2 4-pin cell 125(5) ruby, fluorescence 2300(100) at laser heating, micrographite and
90 GPa Uppsala diamond

10 Rutile phase of no TAU cell 52(2) ruby, fluorescence 850(10) external electrical micrographite,
TiO2 heating, Uppsala amorphous

11 Fe inside NaCl NaCl 4-pin cell 6(1) ruby, fluorescence 1700(100) laser heating, microcrystalline
Uppsala graphite

12 Fe inside KCl KCl 4-pin cell 10(1) ruby, fluorescence 1700(100) laser heating, microcrystalline
Uppsala graphite

13 Cu inside NaCl NaCl 4-pin cell 18(1) ruby, fluorescence 1700(100) laser heating, micrographite and
Uppsala diamond

14 Fe inside KCl KCl 4-pin cell 6(1) ruby, fluorescence 1700(100) laser heating, microcrystalline
Uppsala graphite

15 Fe inside NaCl NaCl 4-pin cell 16(2) ruby, fluorescence 710(10) external electrical microcrystalline
heating, Uppsala graphite



An iron foil (Goodfellow Inc., purity 99:99�%) was placed between two layers of
cristobalite in a DAC (#9). The laser heating was carried out at a maximum pressure
of 90GPa at 2300 (100)K from both sides. After heating, the pressure was increased to
125GPa, and then released to ambient pressure.

Duration time of laser heating at one point for all samples in DAC was more than
5min.

3.3 High-pressure ^ high-temperature samples (electrically heated)
Pure powder of rutile phase of TiO2 (#10) was pressurized in a TAU-type cell (Pasternak
et al 1999). Small ruby chips were used for pressure measurements at ambient and
elevated temperatures (Rekhi et al 1999). At each pressure step (15, 32, 48, and 52GPa)
heating ^ cooling cycles were repeated. The Raman spectra were collected for samples
in-situ at high pressures and high temperatures and for a quenched sample outside the
cell as well.

3.4 Model experiments
Pieces of iron wire 25 mm in diameter (Goodfellow Inc., purity 99:99�%) or copper
wire 10 mm in diameter (Goodfellow Inc., purity 99.99%) were placed between two layers
of pressure-transmitting medium (#11 ^#15), NaCl or KCl (figure 1). The halides are
transparent in visible and near IR and this allowed us to heat metals with Nd :YAG laser
and perform Raman measurements. Both NaCl and KCl were heated at 420K overnight
before loading in the cell. The loading was done in an argon atmosphere.

At pressures of 6, 10, or 18GPa, samples (#11 ^#14) were heated for 5 ^ 10min by
Nd :YAG laser focused on a spot about 20 mm in diameter on the metal surface. The
temperature in the center of the laser spot was 1700 (100)K. Sample #15 was heated at
710 (10)K for 30min at 16GPa in an externally heated DAC. After analysis of quenched
samples outside DAC, NaCl or KCl was removed by etching in distilled water and
Raman spectra were collected directly from the metal surface of the quenched products.

4 Results
Figure 2 shows the Raman spectra recorded outside DAC for different materials pressur-
ized above 45GPa and heat-treated with Nd :YAG laser at temperatures above 1500K.
The carbon phases listed below were observed in the originally carbon-free samples.

Raman spectra collected from a mixture of Fe0:5Mg0:5O and SiO2 (#4) after laser
heating of the sample at 75GPa in DAC (figures 2a and 2b) contained the D and G bands
at 1375 cmÿ1 and 1600 cmÿ1 or 1356 cmÿ1 and 1605 cmÿ1. According to Ferrari and
Robertson (2000) these Raman spectra correspond to microcrystalline graphite. Nano-
crystalline carbon with broad Raman bands at 1338 cmÿ1 and 1593 cmÿ1 was observed in
the mixture of Rh2O3 and NaCl powders (#6) after laser heating at the peak pressure of

piece of Fe
or Cu

laser beam

NaCl or KCl
pressure
medium

diamond anvil

sample

gasket

Figure 1. Sample configuration for high-temperature model experiments using laser-heating
technique.
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60GPa (figure 2c). A number of micrographite phases and diamond were formed in
Fe3O4 inside CsCl (#7) after laser heating at 75GPa (figures 2d and 2e). Only the diamond
phase with Raman band positions at 1335 cmÿ1 and 1333 cmÿ1 was recorded for the
mixture of Fe0:5Mg0:5O and SiO2 (#5, figure 2f ) and for MgSiO3(90%) ^Al2O3(10%) glass
mixed with platinum powder (#8, figure 2g), respectively, after laser heating at 45GPa.

Diamond with Raman bands located between 1330 cmÿ1 and 1335 cmÿ1, and
polycrystalline graphite phases of carbon were observed for iron (SiO2 was used as
the pressure medium) after laser heating at 30GPa and 90GPa and recovery from the
peak pressure of 125GPa (#9, figure 3).

Even at room temperature we have detected pressure-induced formation of micro-
crystalline graphite on samples with different chemical compositions loaded without a
pressure medium (figure 4). For example, the starting material GeO2 (#3) does not show
any Raman bands of carbon phases (figure 4a). However, after recovery from 48GPa,
the sample of GeO2 showed polycrystalline graphite phase with two intensive Raman
modes at 1348 cmÿ1 and 1585 cmÿ1 (figure 4b and insert). After pressurizing Fe55Ni45 alloy
(#2) to 60GPa, two broad graphite bands were detected at 1335 cmÿ1 and 1593 cmÿ1

(figure 4b). The maxima of D and G modes at 1354 cmÿ1 and 1600 cmÿ1 were observed for
the SiO2 sample (#1) after recovery from 56GPa (figure 4c). Such Raman features corre-
spond to microcrystalline graphite with different grain sizes (Schindler and Vohra 1995).

Temperature-induced formation of carbon clusters was observed in-situ at high
pressure in DAC for the TiO2 sample (#10, figure 5). At pressures between 13 and
15GPa we detected the appearance and growth of Raman bands of graphite at
1614 cmÿ1 with temperature increasing from 300K to 690K. At the same time, broad-
ening of the diamond Raman band at about 1360 cmÿ1 was observed. After cooling to
room temperature, the intensity of the G band did not change, but the position of the G
line shifted to 1644 cmÿ1 owing to changes of pressure and temperature. As the pressure
increased to 32GPa at room temperature the G band shifted from 1644 cmÿ1 to
1695 cmÿ1, getting broader and less intense. Subsequent heating to 710K at that pressure
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Figure 2. Raman spectra of various quenched
samples compressed to different peak pressures
and heated by a Nd :YAG laser beam at temper-
atures above 1500K. Several carbon phases were
observed, depending on sample history. Sample
numbers are from table 1. a and bömixture of
Fe0:5Mg0:5O with SiO2 (cristobalite) in the ratio
1:1, peak pressure 75GPa, various locations
(#4); cömixture of Rh2O3 with NaCl powder,
peak pressure 60GPa (#6); d and eöFe3O4

sandwiched in CsCl pressure medium, peak pres-
sure 75GPa, various locations (# 7); fömixture
of Fe0:5Mg0:5O and SiO2 (cristobalite) in the ratio
1:1, peak pressure 45GPa (#5 ); gömixture of
MgSiO3(90%) ^Al2O3(10%) glass with Pt powder,
peak pressure 45GPa (#8).
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slightly reduced the intensity of the graphite band. As the pressure increased to 52GPa
and on heating to 800K, complete disappearance of graphite band was observed. On
decompression at ambient temperature at 11GPa the weak Raman band of graphite was
detected again. After recovery of the sample outside the DAC at ambient conditions
(figure 5), the amorphous carbon phase was found by Raman spectroscopy (Fominski
et al 1993).

Confocal geometry of the Raman system allows significant reduction of scattering
from the diamond anvil, which is very beneficial for collecting in-situ high-pressure data
as a function of temperature from samples in DAC. For the in-situ experiment (#10),
the maximum intensity of Raman graphite band was obtained from the focal spot posi-
tion in the middle of the sample. The Raman signals of graphite phase completely
disappeared at focal spot locations more than 10mm away along the loading axis from
the diamond/sample interface. The shift of graphite Raman peaks with pressure and the
observation of carbon phase on the surface of quenched samples provide clear evidence
that Raman signals come at least from the sample/diamond interface.

Do carbon phases appear only at the interface between the diamond anvil and the
sample chamber? To answer this, we carried out a set of specially designed experiments.
As described in section 2 and shown in figure 1, small pieces of iron or copper wires
were placed inside NaCl or KCl to separate the metal from the diamond anvils. Such
experimental arrangement allows us to collect Raman spectra (confocal setup) from the
surface of the sample (from the diamond ^ sample interface) and from the surface of
the metal inside NaCl or KCl. In addition, we performed Raman measurements after the
recovery of metals with the pressure medium removed by etching with distilled water.
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Figure 3. Raman spectra recorded at different
points of the quenched sample of iron (inside
SiO2) after laser heating at 90GPa and recov-
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diamond and graphite phases or their mixture
were observed in the same sample.

Figure 4. Raman spectra of quenched samples
after compression at room temperature: aö
starting material of GeO2, böGeO2 recovered
from 48GPa (#3), cöFe55Ni45 after 60GPa
(#2), döSiO2 (cristobalite) after compression
to 56GPa (#1). The graphite phase was always
observed with different starting materials.
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The Raman spectra collected from different spots of samples recovered after laser
heating at different pressures are shown in figure 6. On all samples inside the pressure
medium, graphite was observed clearly on laser-heated portions. In one case, where a
portion of iron sample at 6GPa (#11) was in contact with the diamond anvil and there-
fore was not heated by the laser, weak signals from graphite were detected (figure 6a). It
is important to note that the intense Raman signals of microcrystalline graphite were
observed for this sample (#11) on the iron surface, which was separated from diamond anvil
by a layer of NaCl, both before (figure 6b) and after (figure 6c) dissolving the NaCl medium.

To estimate the concentration of graphite with depth, we measured intensities of
Raman signals at different focal planes by keeping collection time constant (600 s). Raman
spectra collected at the same lateral position on the surface of KCl and on the surface
of iron inside KCl are shown in figures 6d and 6e, respectively, after the sample was
laser-heated at 10GPa (#12) and removed from DAC. Raman signal intensities suggest
that the concentration of graphite increases with depth. For the unheated areas, however,
we did not observe an increasing intensity of the G band with depth. The thickness of
the KCl layer was about 20 ^ 25 mm, while the focus depth of our Raman system in
confocal configuration was less than 5 mm.

Polycrystalline graphite and diamond were formed after laser heating of copper wire
at 18GPa (#13). The Raman spectra from the recovered sample, measured after removal
of NaCl, clearly show the presence of a diamond band at 1332 cmÿ1 (figure 6f ) and
microcrystalline graphite bands at 1355 cmÿ1, 1585 cmÿ1, and 1622 cmÿ1 (figure 6g) on
the copper wire.

The first-order and second-order Raman scattering of the carbon phase collected
from the surface of iron inside KCl (#14) after laser heating at 6GPa is shown as the
insert in figure 6. The two sharp G and D Raman bands are located at 1590 cmÿ1 and
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1352 cmÿ1, and weak broad bands are at 1090 cmÿ1, 1620 cmÿ1, 2700 cmÿ1, 2937 cmÿ1,
3223 cmÿ1. Such features of the Raman spectrum correspond to polycrystalline graphite
(Wilhelm et al 1998). No sign of Raman bands for iron or copper oxides was detected
in any of the samples.

Note that the distribution of carbon in the high-pressure chamber is not uniform,
especially for laser-heated samples. In some samples, Raman signals from carbon phases
at one position could be significantly different from those in an area only about a few
micrometers apart. This could be partly due to non-uniform pressure ^ temperature dis-
tribution and sample inhomogeneity. The other possible reason could be that carbon
reacted with the sample forming Raman-inactive or low-scattering compounds. It is also
possible that some parts of the samples were lost and their microstructure was disturbed
during extraction from DAC.

Surfaces of diamond anvils before and after all experiments described above were
carefully inspected under microscope and no visual defects and cracks were found.
Raman spectroscopy shows diamond peaks only from anvil surfaces before the experi-
ments (figure 7c). However, after most high-pressure experiments, on the culet surface
of the diamond anvil a graphite phase could be observed with Raman features similar to
those observed from the removed samples. For example, figure 7 shows the features of
the graphite phase on the surface of iron (#15, figure 7a) and on the diamond anvil
surface (figure 7b). However, after cleaning, the only diamond Raman band can be found
on the surface of the diamond anvil (figure 7c).

Thus, we have demonstrated the following observations: Raman signals from carbon
clusters were detected for all high-pressure samples recovered from DACs (runs #1 ^ 15);
a thin layer on the culet surface of the diamond anvil (or the sample/diamond interface)
was found to contain crystalline graphite phase at high-temperature ^ high-pressure
experiments (runs #10 and 15); different carbon phases were observed on the surfaces of
recovered samples which initially were separated from diamond anvils by various media
in high-pressure ^ high-temperature experiments (runs #11 ^ 14).
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5 Discussion
All starting materials in our experiments were carbon-free and their Raman spectra
showed no sign of contamination by any carbon phases. All heated samples were loaded
in inert atmosphere. There is only one source of carbonöthe diamond anvils. Diamond
is the hardest known material. There should be no reversible phase transformation of
cubic diamond structure to other phases at pressures above 6GPa according to the
high-pressure phase diagram (Bundy et al 1996). However, there are a few reports
about a pressure-induced transformation of diamond to graphitic or other carbon phases
under non-hydrostatic conditions (Gogotsi et al 1999; Kailer et al 1999; Mao and
Hemley 1991; Vohra and McCauley 1993). The formation of lonsdaleite on the cut
surfaces of diamond crystals and the formation of nanocrystalline graphite from the
fracture of diamond under 300GPa with a new Raman band at 1491 cmÿ1 has been
reported (Knight and White 1989; Vohra and McCauley 1993).

Taking into account available experimental data we propose the following explana-
tion of the formation of carbon phase in DAC experiments (figure 8). The thin layer
of the diamond culet surface is under high stress at high pressures and is transformed
to amorphous or graphite phases. A layer of disordered carbon can then form at the
interface between the diamond anvil and the sample (figures 4 and 7), providing a source
for carbon diffusion. Weakly bonded carbon atoms in the disordered layer may help to
initiate and further enhance the diffusion process. At room temperature and high pres-
sure the diffusion process may be slow. Therefore, the graphite phase is found only on
the surface of quenched samples after non-hydrostatic high-pressure experiments at
room temperature (figure 4).

Upon heating, especially during laser heating, the diffusion rate and mobility of
atoms increase as temperature, stresses, and temperature gradients increase (Lasaga
1998). As a result, amorphous carbon can form various clusters of crystalline carbon
phases (figures 2, 3, 6, and 7) (Ree et al 1999). The process which lead to the formation of
the crystalline carbon phases at high pressures and high temperatures, is not in equilib-
rium and we should not expect the formation of only thermodynamically stable phases
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(diamond in the given case); instead a mixture of detectable phases should form for
different chemical compositions of the samples. For example, the influence of substrate
(or nucleating center) on the formation of various types of carbon phases under different
conditions is well documented (Knight and White 1989).

The most interesting observation from our point of view is carbon diffusion in experi-
ments on metallic pieces compressed inside a pressure medium (figure 6). In this case,
there were no direct contacts between diamond anvils and heated samples. We do not
know exactly the thickness of the carbon layer formed on the metals. However, estima-
tions could be made based on the intensity of the Raman bands. Amorphous carbon
films of different thickness were deposited by the vacuum arc technique on polished
silicon wafers. An ALPHA-STEP 200 profilometer was used for thickness measurements
of a step that was formed by a thin mask during deposition process. We found that with
our Raman spectrometers, we could detect the Raman signal if the thickness of the
carbon layer was more than 20 nm which is consistent with the data of Campbell et al
(1992). With an increase of layer thickness the intensity of Raman signals also increases.
Comparison of intensities of Raman bands obtained from carbon films of known thick-
nesses with those from all samples in our experiments shows that in laser-heated DACs
carbon layers 100 to 1000 nm thick were formed.

Let us estimate the time needed to form a layer about 1 mm thick at a high concentra-
tion gradient using the free atom model. A simple estimate of time necessary for the
formation of a carbon layer inside the sample can be made by using Fick's first law
(Lasaga 1998). Diffusive flux J is proportional to the gradient of concentration C

J � ÿD qC
qx

,

where x is the distance measured perpendicularly to the reference surface, and D is the
diffusion coefficient.

For example, taking as a model case of carbon diffusion in iron for which the
diffusion coefficient of carbon D of 1:1� 10ÿ6 cm2 sÿ1 at 1000K (Lasaga 1998) yields
flux J to be 1:1� 1019 atoms cmÿ2 sÿ1 at a distance x of 10 mm and concentration of
carbon atoms C of 1022 atoms cmÿ2. With such parameters a carbon layer with a
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thickness of 1 mm could form in just 0.1 s. This means that diffusion could be the
main reason of carbon transport inside the pressure chamber of the DAC under high-
pressure ^ high-temperature conditions.

6 Conclusions
We have demonstrated that there are carbon phases (detected in originally carbon-free
samples) in the DAC after high-pressure ^ high-temperature experiments, and that dia-
mond anvils are the source of carbon. Non-hydrostatic compression at room temperature
results in the formation of a polycrystalline graphite phase on the surface of samples
(or at the diamond ^ sample interface). The temperature-induced formation of carbon
phases (amorphous, diamond, graphite) was observed in a number of experiments as
listed in table 1. Carbon transport in the pressure chamber of the DAC was proved by
Raman signals collected from samples that were separated from diamond anvils with
pressure-transmitting medium materials.

The variety of conditions used in the experiments suggests that carbon diffusion
inside the pressure chamber of a DAC is a common phenomenon. This, therefore, makes
it very important for high-pressure DAC research in general. The presence of carbon
around or inside samples can significantly change the kinetics of phase transformations
and conditions of chemical reactions (Hillgren et al 2000; Wood 1993). For example, the
melting temperature obtained from laser-heating experiments in a DAC should be cor-
rected by taking into account the possible presence of a carbon layer. The presence of a
carbon phase could also be a source of discrepancies between experimental data on
melting temperatures obtained for the same material by different groups and methods
(shock wave, multi-anvil, and DAC). Physico-chemical properties of materials, such as
element partitioning, phase transformations, chemical reactions, and resistivity, under
high-pressure ^ high-temperature conditions should be analyzed by taking account of
possible carbon transport in the DAC.
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